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CHAPTER 1 
Introduction to the ribosome and its importance 
1.1. The ribosome 
Ribosomes are tiny cell organelles floating in the cytosol or bound to the 
endoplasmic reticula. They are the sites of protein synthesis in all three domains 
of life. Unlike many other enzymes, the catalytic center of the ribosome is RNA, 
and hence it is also called as a ribozyme.1 After the genetic information is 
passed on to mRNA from DNA, the ribosome converts that message into 
proteins. The biosynthesis of proteins by the ribosome is a complex process that 
involves tRNAs, along with amino acids and many other protein factors. 
1.2. Composition of the ribosome 
The ribosome is composed of two subunits that are named based on the 
Svedberg coefficient.2 A bacterial ribosome consists of a large subunit (50S) and 
a small subunit (30S). The large subunit consists of 23S rRNA with 2908 
nucleotides, 5S rRNA with 120 nucleotides, and 34 ribosomal proteins. The 
small subunit is composed of 16S rRNA with 1542 nucleotides and 21 proteins 
(Figure 1).3 These subunits interact with each other to form a complete 70S 
ribosome during protein synthesis; the subunits are held together by a number of 
interaction sites called intersubunit bridges.4 
 Ribosomal RNAs have a number of domains and helices. The 23S rRNA 
has six domains referred to as I, II, III, IV, V, and VI.5 Residues 1724-2063 (E. 
coli numbering) with helices 61-71 constitute domain IV, which contains most of 
the contact sites for interaction with 30S subunits.5 The secondary structure of 
23S rRNA was constructed decades ago on the basis of comparative sequence 
	  	  
2	  
data.6 A secondary structure of E. coli 23S rRNA is presented in Figure 2, which 
depicts all of the domains.  
 
 
Figure 1. Composition of the ribosome is shown with cartoon representation 
of 70S ribosome, and 50S and 30S subunits. Ribosomal proteins and rRNAs 
are shown as components of the subunits (PDB ID 2I2P, 2I2T). 
 
70S	  
50S	   30S	  
23S	  
5S	  Ribosomal	  proteins	  (34)	   16S	  Ribosomal	  proteins	  (21)	  
	  	  
3	  
 
 
Figure 2. The secondary structure of 23S rRNA is shown with all the labeled 
domains. Highlighted in red letters in domain IV is a 19-nucleotide long 
sequence called helix 69 (H69). This image was obtained from the website 
http://rna.ucsc.edu.6 
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1.3. The ribosome and antibacterial resistance 
Antibacterial drugs target bacteria by inhibiting several different processes 
including cell wall biosynthesis, protein synthesis and DNA replication or repair.7 
Bacteria naturally develop antibacterial resistance in the presence of 
antibacterial agents. The mechanism of resistance includes preventing drug 
access to the target in the cell either by altering the permeability of the cell or 
pumping out of the antibiotic from the cell, making the drug ineffective by 
modifying or degrading it, or altering the structure of the target.8,9 Modifications 
and mutations of several nucleotides in 23S rRNA have been shown to confer 
resistance to antibiotic treatment.9,10 Because of increasing antibacterial 
resistance, development of new antibiotics that circumvent this problem is 
urgent. While the search for new drugs is ongoing, finding new and effective 
targets is also important. Methylation of A1408 in 16S rRNA results in resistance 
of gentamycin and kanyamycin.11,12 Mutation of A to G at this position also 
causes streptomycin resistance.12,13 In 23S rRNA, mutations of nucleotide 2058 
and its neighbors confer resistance to macrolides.14 Therefore building 
antibiotics that target not only the wild-type sequence of rRNA but also the 
mutated forms of the RNA is helpful in designing drugs to which the bacteria will 
exhibit a lower risk of resistance development. 
1.4. Intersubunit bridge B2a 
Decoding of the genetic message is performed in the small subunit of the 
ribosome. Peptide-bond formation is catalyzed in the large ribosomal subunit. 
Connecting these two functionally important subunits are RNA-RNA, protein-
protein, and RNA-protein interactions that form the intersubunit bridges. There 
	  	  
5	  
are 12 subunit bridges in the bacterial 70S ribosome, which are named B1a, 
B1b, B2a, B2b, B2c, B3, B4, B5, B6, B7a, B7b, and B8. RNA comprises most of 
the interface between the bacterial 30S and 50S subunits, whereas proteins tend 
to be located towards the periphery of the ribosome.4,15,16 Intersubunit bridges 
with entirely RNA-RNA interfaces are located within the functionally important 
decoding region and peptidyl-transferase center. Bridge B2a is the largest 
intersubunit bridge in terms of surface area, and contains helix 69 (H69) of the 
large subunit and helix 44 (h44) of the small subunit.17 Crystal structures of the 
70S ribosome in complex with ribosome recycling factor (RRF) have revealed 
that while RRF binds to the large ribosomal subunit, H69 moves away from the 
16S subunit by about 8 Å, thus disrupting bridge B2a and helping with the 
dissociation of the two subunits.18 
1.5. Helix 69 and pseudouridines 
Helix 69 (H69) is an RNA hairpin structure located in domain IV of the 
large ribosomal subunit. This RNA contains residues 1906 to 1924 (E. coli 
numbering) and is highly conserved in all three domains of life.19,20 It contains 
three highly conserved pseudouridine modifications (Figure 3).21,20 
Pseudouridine (Ψ) is a post-transcriptional modification in which a C-C bond 
replaces the C-N glycosidic bond.22 Because of availability of the extra imino 
proton for hydrogen bonding, there is the possibility of a water molecule to be 
coordinated between N1H of Ψ, its 5' phosphate, or the 5' phosphate of the 
preceding nucleotide, emphasizing the possibility that Ψ could modulate 
ribosomal RNA conformation.23 In E. coli, pseudouridine is present at positions 
1911, 1915, and 1917 of H69 with further methylation of Ψ at position 1915.24 In 
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human, H69 has two more Ψ modifications (Ψ3737 and Ψ3739) in the stem 
region.20 Other pseudouridines are found clustered in the functionally important 
regions of large subunit of the ribosome, including the decoding center and 
peptidyl-transferase center.23, 25  
 
 
 	  
Figure 3. The E. coli H69 secondary structure (top left) shows the different 
regions that make contact with other translation components. The human 
H69 (top right), uridine (bottom left) and pseudouridine (bottom right) are 
also shown. The wild-type H69 is referred to as Ψm3ΨΨ. 	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 1.6. Interactions of H69 with tRNAs and protein factors 
As a component of bridge B2a of the 70S ribosome, H69 has been shown 
in crystal structures to stretch towards h44 of the small subunit.26 Helix 69 
participates in almost every stage of translation. Crystal structures have revealed 
that H69 in 70S ribosomes interacts with tRNAs; the H69 loop interacts with the 
A site of h44, as well as the incoming A-site tRNA, while the H69 stem interacts 
with the P-site tRNA (Figure 4).27 
Although H69 plays roles in many stages of translation, the termination 
and recycling steps are of particular interest because of the distinct 
conformational states of H69. In the translation termination complex, residue 
A1913 extends from the tip of H69 to stack on residue A1493 of h44.28 While 
A1492 and A1493 both flip out of the helix during the recognition of a sense 
codon, only A1492 flips out in the termination complex and A1913 fills the vacant 
space left by A1492 (Figure 5).28 In contrast, during the ribosome-recycling step 
of translation, H69 moves away from the subunit interface by about 8 Å, 
changing its structure from an ordered to a disordered state upon the binding of 
ribosome recycling factor (RRF), and disrupting the interface between the small 
and large subunits.18 
 
 
 
 
 
 
	  	  
8	  
 
Figure 4. Helix 69 has interactions with the A-site and P-site tRNAs through its 
tip and stem region, respectively, as reveled in a crystal structure of the bacterial 
ribosome in complex with mRNA, A-, P- and E-site tRNAs (PDB ID 3I8F and 
3I8G).29 
 
 
Figure 5. Residue A1492 of h44 is flipped out towards solution while leaving 
A1493 stacked with A1913 of H69, which occupies the vacant space of 
A1492. The structure represents the termination complex of the ribosome 
(PDB ID 3D5B).28 
E-­‐site	  tRNA	  A-­‐site	  tRNA	   P-­‐site	  tRNA	  
H69	  
mRNA	  
A1913	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1.7. RNA conformational changes and the roles of pseudouridines 
and solution conditions 
The structure of RNA is dependent on the solution conditions. At pH 5.5, 
tRNATyr undergoes a distinct conformational change.30 At a lower pH, tRNALys,3 
is stabilized by the formation of a protonated A+-C base pair.31 The H69 RNA 
construct also undergoes a pH-dependent conformational change, but in this 
case Ψ modifications are required for this change.32 Crystal structures of 70S 
ribosomes and 50S subunits revealed either flipped-out or stacked-in 
orientations of A1913, respectively, implicating a role for the H69 conformational 
changes in ribosomal function, namely subunit association.33 The presence of 
pseudouridine also changes the stability of the RNA, which may impart its ability 
to undergo conformational changes. 
1.8. Mutational studies on H69 
To explore the possible roles of specific H69 nucleotides in the translation 
process, mutational studies were carried out in the Remme, Suzuki, and 
O’Connor laboratories. Insertion of two adenine residues between A1916 and 
Ψ1917 (+AA1916), deletion of A1916 (ΔA1916), and a C1914G transition 
resulted in suppression of a trpE91 frameshift and promoted readthrough of stop 
codons, indicating the importance of individual nucleotides in the function of the 
ribosome.34 Mutation of nucleotides A1912 (A1912G) and A1919 (A1919G) 
caused bacterial growth inhibition, lowered the efficiency of in vitro protein 
synthesis, and resulted in under-representation of these mutations in 
polysomes.35 Similarly, Ψ1917C also had a strong growth phenotype and 
A1916G showed defects in ribosomal assembly.35 Modification of nucleotides 
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A1912 and A1918 at the N-1 position by dimethyl sulfate (DMS) inhibited 70S 
ribosome formation.36 A genetic selection method involving over 16,000 
sequence variations in the loop region of H69 revealed that A1912 and Ψ1917 
were essential residues, as these were present in all 13 functional sequences 
selected.37 
 
Table 1: Effects of H69 mutations on bacterial growth35 
RNAè 
Effect ê 
A1912G Ψ1917C A1919G A1918G 
Growth inhibition strong strong strong none 
Presence in 
polysomes 
under-
represented modest modest normal 
Activity during in 
vitro protein 
synthesis 
inactive inactive modest normal 
 
1.9. Project overview: biophysical studies of H69 and its mutants 
H69 is a key component of the ribosome, with interactions of different 
components of protein synthesis. Pseudouridines play an important role in the 
conformational adaptation of H69. Mutations of H69 in vivo have been shown to 
inhibit bacterial growth as well as inhibition of in vitro protein synthesis. The main 
purpose of this thesis is to understand the role of pseudouridine in regulating 
conformational variations of H69 mutants and how that will lead to a lethal 
phenotype. Replacing specific nucleotides one at a time (Figure 6) would help to 
determine the effects of those changes on the stability and conformational 
variation of the RNA construct, as well as pH dependence of these properties. 
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These effects are then correlated with the biological function of H69 within the 
ribosome. In-depth knowledge of H69 and its functional vs. non-functional 
mutants is desired for the development of improved antibiotics that target this 
region. This is an area of great interest because the antibiotic resistance has 
developed in bacteria, and new and more potent drugs, as well as novel drug 
targets, are in dire need.  
 
 
Figure 6. Helix 69 without the methyl group (referred to as ΨΨΨ) is shown 
with the sites of mutations, which are indicated by arrows. The original 
nucleotides are replaced by the nucleotides shown in cyan. 
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CHAPTER 2 
Methods: biophysical studies of mutant variants of H69 of 
bacterial ribosome 
2.1. RNA sample preparation/purification 
The following 19-nucleotide RNA oligomers were obtained: 5'-
GGCCGΨAACΨAΨAACGGUC-3' (H69 ΨΨΨ), 5'-
GGCCGΨGACΨAΨAACGGUC-3' (A1912G), 5'-
GGCCGΨAACΨACAACGGUC-3' (Ψ1917C), 5'-GGCCGΨAACΨAΨ 
GACGGUC-3' (A1918G), and 5'-GGCCGΨAACΨAΨAGCGGUC-3' (A1919G). 
All RNA constructs were purchased from Dharmacon, Inc. (Lafayette, CO, USA) 
and HPLC purified using an X-Terra MS C18 (2.5 µm, 10 × 50 mm) column 
(Waters Corporation, Milford, MA, USA). A 6-9% acetonitrile solution in 25 mM 
triethylammonium acetate (TEAA) buffer at pH 5.6 was used as the mobile 
phase with a linear gradient over 20 min. Purified samples were desalted either 
with Sep-pak® C-18 cartridge (Waters Corporation, Milford, MA, USA) or dialysis 
against ddH2O for three days. The RNA samples were dried under vacuum and 
stored at -20 ºC until further use. 
In vitro transcription was used to prepare all of the constructs that did not 
contain pseudouridine modifications. The DNA templates (single strand) and the 
promoter sequence were purchased from IDT DNA Technologies, Inc. 
(Coralville, IA, USA), purified by polyacrylamide gel electrophoresis (PAGE) and 
desalted using Sep-pak® C-18 cartridge. T7 RNA polymerase was prepared 
from BL21(DE3) strain of E. coli by induced overexpression. The transcription 
mixture contained 4 mM each of ATP, GTP, UTP and CTP; 0.4 mM each of the 
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DNA template strand and promoter strand; 2 mM spermidine, 10 mM DTT, 80 
mg/mL PEG 8000, 0.02% Triton X-100 and an optimized amount of T7 RNA 
polymerase in Tris buffer (pH 8.0). The reaction mixture was incubated for 3-5 
hours at 37 °C followed by centrifugation and ethanol precipitation of the 
supernatant. RNA thus obtained was gel purified and dephosphorylated using 
alkaline phosphatase and calf intestinal (CIP). Dephosphorylated RNA was 
again purified by PAGE and desalted using Sep-pak® C-18 cartridges and 
dialysis. Finally, the solution was dried to obtain RNA as a powder. The mass 
was confirmed by MALDI-TOF mass spectrometry. The prepared RNA was 
stored at -20 °C.  
2.2. Circular dichroism (CD) spectroscopy 
Linearly polarized light has only one plane of oscillation. By passing 
unpolarized light through a polarizer, linearly polarized light can be obtained. 
Linearly polarized light has a vertical and a horizontal component that are in 
phase with each other (Figure 7). However, when the vertical and horizontal 
polarized light are out of phase by a quarter-wave, a circularly polarized light is 
produced.38 Circularly polarized light can be either a left-handed or right-handed. 
Circular dichroism is the difference in the absorption between left- and right-
handed circularly polarized light. A chiral molecule absorbs left and right 
circularly polarized lights to different extents, and this differential absorption is 
called circular dichroism.38 Although the circular dichroism basically arises from 
the differential light absorption by chiral centers, the CD spectral changes are 
useful to determine the structural differences of biomolecules. Every structure 
under certain solution conditions has a unique CD spectrum, and thus a change 
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in the shape of the spectrum can be attributed to changes in the structure of the 
molecule. RNA is typically on A-form nucleic acid, with a CD spectrum with a 
major positive peak centered around 260 nm. It is also characterized by negative 
peaks near 210 nm and between 290 and 300 nm.39 Although CD spectroscopy 
cannot give detailed structural information about a biomolecule, it is useful to 
monitor conformational changes and hence can be used to determine the 
binding affinity of a ligand to an RNA target.39 Circular dichroism at a given 
wavelength can be expressed as, 
(ΔA) = ΔAL – ΔAR (1) 
Molar circular dichroism (Δε) is derived to account for the concentration of the 
solution and the cell pathlength. It is the circular dichroism at a unit concentration 
(M) at 1 cm pathlength.40 
Δε = εL - εR = ΔA/(C×l) (2) 
 
 
 
Figure 7: Schematic diagram showing the CD instrumental details.  
 In this study, circular dichroism (CD) spectra were obtained by using a 
Chirascan spectrometer from Applied Photophysics (Leatherhead, Surrey, UK). 
The buffer contained 15 mM cacodylic acid, 70 mM ammonium chloride, and 30 
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mM KCl. Either pH values of 7.0 or 5.5 were employed with stock (5× or 2×) 
buffers that were diluted to 1× for all experiments. Typically, 0.5 A260 units of 
RNA were used in a final volume of 200 µL. The actual concentrations were 
determined by UV spectroscopy using extinction coefficients of 187,000 Lmol-
1cm-1 (H69 ΨΨΨ), 184,800 Lmol-1cm-1 (A1912G), 184,800 Lmol-1cm-1 (Ψ1917C), 
184,800 Lmol-1cm-1 (A1918G) and 184,900 Lmol-1cm-1 (A1919G) at 260 nm. 
Usually the instrument was purged with nitrogen gas for about an hour but if the 
instrument was unused for an extended period of time, a longer purging was 
necessary to obtain a consistent baseline. The rate of flow of purging gas was 1 
L/min, 3 L/min and 1 L/min for the lamp, monochromator, and sample-handling 
units, respectively. An air baseline was collected and high voltage (HV or HT) at 
180 nm was evaluated to determine the quality of purging. A lowest possible 
value of HV (about 350) was obtained before CD spectra were collected. A 
cuvette with a 1 mm pathlength was used in all experiments. The CD data were 
collected at 23 °C from 220 to 320 nm, every point scanned for 0.3 sec with 1 
nm steps. The final spectrum was obtained after averaging 4–5 spectra, 
subtracting the background, and smoothing using the Savitzky-Golay 
algorithm.41 Raw data were processed in Microsoft Excel to obtain the final 
spectra. Circular dichroism measurements were obtained as ellipticity (θ) in 
millidegrees and converted into molar circular dichroism (∆ε) in mol-1cm-1 to take 
into account the concentration and pathlength of the cuvette by Equation 3. In 
this equation, ∆A is circular dichroism and can be converted from ellipticity.40 
∆ε = ∆A/(C × l) = θ/(32.98 × C × l) (3) 
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2.3. Thermal melting experiments 
Nucleic acids demonstrate a characteristic increase in UV-absorbance 
when they are heated (or denatured) in solution. This change is known as 
hyperchromicity. Chromophores of the nucleic acids, the nucleobases, absorb 
less when they are well stacked, which is the case for double-stranded 
species.42 A representative melting curve is shown in Figure 8, which depicts a 
native or folded state (lower UV absorbance) and an unfolded or denatured state 
(higher UV absorbance). 
 
  
Figure 8: Measurement of absorbance vs temperature is shown. With 
increasing temperature, the RNA unfolds, or denatures, leading to increased 
absorbance, or hyperchromicity. This representative melting curve was 
collected at pH 7.0 for the A1912G variant of H69. 
For the calculation of thermodynamic parameters, equilibrium enthalpy 
change (ΔH°), equilibrium entropy change (ΔS°) and Gibb’s free energy (ΔG°), a 
two-state Van’t Hoff analysis (Equation 4) is implemented.43 The errors in the 
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measurement of ΔS° and ΔH° are small, typically about 5-8%.44 Moreover, 
Gibbs free energy (ΔG°37) has even lower error associated with it because of the 
compensating effect of errors of ΔH° and ΔS°. lnK = !∆!°!" +   ∆!°!  (4) 
The Marquardt nonlinear least-squares method45 can be employed 
(Equation 5) to fit the melting curve and solve for ΔH and ΔS.46 𝜖 𝑇 = !(!)!!T =   𝛼𝜖ds + (1− 𝛼)𝜖ss (5) 
In Equation 5, ϵ(T) is the extinction coefficient of the solution, A(T) is the 
absorbance value, T is the temperature of the solution, l is the pathlength, ϵds is 
extinction coefficient for double-stranded nucleic acid, ϵss is the extinction 
coefficient of single-stranded nucleic acid, and α      represents the fraction of 
double-stranded nucleic acid. Since the extinction coefficient is directly 
dependent on temperature as, 𝜖ds = 𝑚ds𝑇 + 𝑏ds (6) 
and, 𝜖ss = 𝑚ss𝑇 + 𝑏ss (7) 
The following expression can be written:  𝜖 𝑇 =   𝛼 𝑚ds𝑇 + 𝑏ds + 1− 𝛼 𝑚ss𝑇 + 𝑏ss  (8) 
In the right side of this equation, the first and second terms represent the 
mole fraction weighted of the double stranded species and single stranded 
species, respectively. The mole fraction (α) is a function of temperature (T) and 
equilibrium constant (K) for unimolecular transition whereas, for bimolecular 
transition also depends on the concentration of strands (Ct).  
	  	  
18	  
Cacodylate buffer (20 mM) at either pH 7.0 or 5.5 with 15 mM NaCl and 
0.5 mM Na2EDTA was used in all melting experiments. Four different RNA 
concentrations (10 - 100 µM) were prepared by dissolving 2.0 A260 units of RNA 
in the buffer and making a dilution series. Concentrations of RNA solutions were 
calculated from the absorbance at 260 nm and 90 ºC. Measurements were 
performed in Beckman Coulter DU® 800 spectrophotometer that employs a Tm 
microcell holder on a high performance transport to read absorbance of all 
different-concentration solutions in a single experiment. Absorbance at 280 nm 
was recorded from 10 to 95 ºC. The optimized lower (40 ºC) and upper (87 ºC) 
truncation points were selected to get the best fit possible. MeltWin 3.5 was used 
to plot, fit, and calculate the thermodynamic parameters. 
2.4. Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool to 
explore the structure of molecules. Although it’s difficult to employ the NMR 
technique with large biomolecules, it has been utilized to analyze the structural 
dynamics of biomolecules.32, 47-49 Nuclei are charged and develop a magnetic 
field because of their motion. While these tiny magnetic bars orient randomly in 
the absence of an external magnetic field, applying an external magnetic field 
orients them parallel to the applied field with two different populations of spin up 
(lower energy) and spin down (higher energy), with a slightly greater number in 
the lower energy state. Electromagnetic radiation is applied to flip the spin of the 
nuclei to a higher energy state, and the energy released during the transition 
from higher to lower energy state gives the signal in NMR spectroscopy.  
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The sugar protons have resonance peaks between 3.5 and 5.0 ppm. 
Pyrimidine protons H1' and H5 have peaks that appear between 5.0 and 6.3 
ppm. Exchangeable protons from the bases (H8, H6, and H2 amino protons) 
resonate between 7.0 and 8.0 ppm. The region of the 1D proton NMR spectrum 
between 10 and 15 ppm is important for structure studies of RNA, since it 
includes peaks for the non-exchangeable protons.48 The imino proton of the 
guanine base in a G:C base pair resonates between 12 and 13.5 ppm, but 10 
and 12 ppm for a G:U base pair.48 
All of the NMR spectra were collected at 15 °C in a Bruker AVANCE-AQS 
700 MHz NMR spectrometer equipped with a TXI cryoprobe. RNA samples were 
dissolved to a final concentration of 50 µM in a buffer that contained 10 mM 
Na2HPO4 (pH 7.0 or 5.5), and 50 mM KCl in 9:1 H2O/D2O. 
2.5. Electrospray ionization mass spectrometry (ESI-MS) 
Electrospray ionization (ESI) is a commonly used ionization method for 
the mass spectrometric analysis of biomolecules including nucleic acids, 
proteins, and peptides. ESI allows one to ionize these biomolecules without 
disrupting relatively weak non-covalent interactions so that the binding can be 
monitored with minimal fragmentation50. When the sample is injected from a 
syringe, an aerosol of charged droplets is formed at the tip of the capillary. The 
evaporation of solvent leads to increased charge on the droplets. This results 
into breakdown of the charged droplets into even smaller droplets, eventually 
forming single ions with one or more charges.51 Because these ions are usually 
multiply charged, mass analysis of larger molecules is possible. In this thesis 
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work, binding of a small molecule such as a peptide or aminoglycoside with H69 
or the mutants was of interest, and could be determined by using ESI-MS.  
The relative peak intensities in ESI-MS corresponding to RNA, ligand, and 
the complex can be utilized to calculate the fraction of RNA bound to a ligand. 
The apparent dissociation constant (Kd) is determined by plotting the fraction 
bound against the concentration of ligand and then fitting with a quadratic 
equation (Equation 9).52 
𝑹𝑳𝑹 + 𝑹𝑳 =    𝑹 𝟎 +    𝑳 𝟎 + 𝑲𝒅 − 𝑹 𝟎 + 𝑳 𝟎 + 𝑲𝒅 − ( 𝑹 𝟎 + 𝑳 𝟎 + 𝑲𝒅 𝟐 − 𝟒   𝑹 𝟎 𝑳 𝟎) 𝟏/𝟐𝟐𝑹𝟎  
 (9) 
In Equation 9, ∑RL represents total amount of peptide-ligand complex 
and is obtained as total intensity of peaks of RNA-peptide complex and ∑R 
represents the total intensity of peaks for RNA only. The left term of the equation 
gives the fraction of ligand bound. [R]0, [L]0 and Kd represent the initial 
concentration of  RNA, initial concentration of ligand, and dissociation constant, 
respectively.  
All of the drug-binding experiments were carried out on a Waters Quattro 
LC tandem quadrupole mass spectrometer with electrospray ionization (ESI) in 
the negative ion mode. A cone voltage of 50 V, extractor voltage of 2V, capillary 
voltage of 2.5 kV, source block temperature of 100 °C, and disolvation 
temperature of 120 °C were employed. RNA solutions were purified by HPLC 
and desalted, first over Sep-Pak cartridges and then by ethanol precipitation with 
ammonium acetate. HPLC-purified peptide was obtained from Danielle Dremann 
(Chow lab) and stock neomycin was prepared from neomycin powder (Sigma-
Aldrich Co. LLC, St. Louis, MO, USA). Three micromolar (µM) solutions of RNA 
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were incubated with different concentrations of either the peptide or the 
aminoglycoside for 30 minutes in a 150 mM ammonium acetate buffer. Fifty µL 
of the mixture in 50% isopropyl alcohol was injected with a flow rate of 1.6 
µL/min with a syringe pump directly into the instrument. About 70 scans were 
collected for each sample and the data were processed using MassLynx 
software.53 
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CHAPTER 3 
Results and Discussion 
3.1. Circular dichroism spectra of	  H69 and the mutant variants	  
Circular dichroism (CD) spectroscopy is widely used to examine the 
global structure of proteins and nucleic acids.38 This technique has been used to 
reveal changes in the conformation of nucleic acids caused by solution 
conditions, e.g. pH, salt concentration, level of hydration, etc.32, 38 Similarly, this 
technique has been used to look at denaturation and transition of nucleic acids 
as well as ligand binding.38 CD spectroscopy has been applied in H69 
conformational studies including examination of pH-dependent changes, the role 
of pseudouridine, and the effect of temperature; however, this method cannot be 
used to determine detailed RNA structure.32, 49, 54, 55  
Solution pH plays an important role in the function of the ribosome. In 
2000, it was suspected that the ribosome could carry out protein synthesis by 
acid-base catalysis, because a highly conserved nucleotide, A2451, was 
observed to be pH dependent, with a near-neutral pKa, during dimethyl sulfate 
(DMS) modification.56 However, later work implicated that this effect was 
observed due to pH-dependent conformational changes of the peptidyl-
transferase center.57 The H69 construct was also observed to have 
conformational changes on changing the buffer pH.32 The pH-dependent 
conformational changes may correlate to different states of the ribosome during 
protein synthesis. Based on the in vivo mutational studies, a number of 
nucleotides were seen to cause growth inhibition of bacteria and also cause 
inhibition of in vitro translation.35 Therefore, CD spectroscopy of the above-
	  	  
23	  
mentioned mutants was carried out at pH 7.0 and 5.5 to investigate possible 
involvement of the respective nucleotides in conformational changes, which may 
correlate with ribosome function. Accessing the pH-dependent conformational 
changes of these mutants may lead to a deeper understanding of specific roles 
of these nucleotides in functional and/or structural changes of H69, and the 
cause for bacterial growth inhibition in in vivo experiments. 
In this thesis work, CD spectra have been acquired and used to 
determine whether or not the presence of pseudouridine and solution pH have 
any effect on the overall conformation of H69 and mutant variants. These 
variants of H69 include 19-nucleotide-long sequences found in E. coli, with and 
without pseudouridine modification from G1906 (5' end) to C1924 (3' end). CD 
spectra of following pseudouridine modified and unmodified mutants were 
obtained: 1) A1912G, 2) Ψ/U1917C, 3) A1918G, and 4) A1919G. These RNA 
constructs do not contain a methyl group on residue 1915 (3-
methylpseudouridine), which is found on the wild-type H69 in E. coli.19 
Conformational changes caused by altering the pH for H69 with 3-
methylpseudouridine at position 1915 (H69 Ψm3ΨΨ) was reported in earlier 
work.32 H69 ΨΨΨ, which doesn't contain a methyl group in Ψ1915, was tested 
to confirm that pseudouridines were responsible for the conformational changes 
observed in H69 Ψm3ΨΨ and not the methyl group. CD spectra for H69 ΨΨΨ at 
two pH values are shown in Figure 10, with peak maxima of 262 nm and 264 nm 
at pH 7.0 and 5.5, respectively, and peak minima of 230 nm at both pHs. The 
CD spectra of H69 ΨΨΨ were observed to be typical of A-form nucleic acids at 
both pH values, but with slight variations and crossover points (∆ε = 0) at 241 
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nm and 239 nm. These measurements are almost identical to the CD spectra of 
H69 Ψm3ΨΨ at pH 7.0 and 5.5 at similar temperature and buffer conditions. The 
features of the CD spectra of H69 ΨΨΨ at the two pH values were almost the 
same as that of H69 Ψm3ΨΨ, for example, the shift of peak maximum by 2 nm, 
reduction of ∆ε between 251 nm to 265 nm giving rise to an isosbestic point at 
251 nm, when the pH was lowered from 7.0 to 5.5. This result supports the idea 
that pseudouridine modification, not the methyl group, is responsible for the 
conformational changes of H69. 
 
 
Figure 9: CD spectra of H69 ΨΨΨ at pH 7.0 (red, solid) and 5.5 (blue, 
broken). These spectra were collected at room temperature in a buffer 
containing 15 mM cacodylic acid, 70 mM ammonium chloride, and 30 mM 
postassium chloride.  
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With the same peak maxima and minima as that of H69 ΨΨΨ at pH 7.0, 
the A1912G modified spectrum (Figure 11) has a 3 nm red shift of peak 
maximum at pH 5.5. Crossover points are observed at 241 nm and 239 nm at 
pH 7.0 and 5.5, respectively. At pH 5.5, a very subtle shoulder is present 
between 245 nm and 255 nm with an isosbestic point at 249 nm, which 
represents a distinct conformation from that at pH 7.0, just like the results 
obtained for H69 ΨΨΨ or H69 Ψm3ΨΨ. The A1912G unmodified spectrum at 
both pH values show very minor differences. This result supports the earlier 
studies of involvement of pseudouridines in conformational changes of H69, and 
also indicates a similar trend of pH-dependent conformational changes for the 
modified RNAs.  However, subtle differences between the wild-type sequence 
and mutant RNA are observed, such as a bigger shift of the peak maximum at 
7.0 and 5.5 for the mutant. 
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Figure 10: CD spectra of H69 mutants A1912G modified (top) and A1912G 
unmodified (bottom). A distinct red shift of peak (3 nm) was observed in the 
spectra at pH 5.5 in case of A1912G modified. CD spectra of A1912G 
unmodified appear to be overlapping as observed with H69 UUU. 
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The H69 Ψ1917C modified CD spectrum at pH 5.5 was observed to be 
quite different from the one at pH 7.0 (Figure 11). As summarized in Table 2, the 
peak maximum has a blue shift when the pH is lowered from 7.0 to 5.5, which, in 
H69 ΨΨΨ and A1912G, was red shifted. Also unique to Ψ1917C is a decrease 
in ∆ε between 270 and 310 nm and a prominent depression at 295 nm. The 
difference spectrum for two pH values for pseudouridine modified H69 
constructs clearly shows that Ψ1917C is unique (Figure 14). This unique 
conformational behavior is not surprising as Ψ1917 is located in the 3' side of 
H69 loop which is known to contain a base stack from residues 1915 to 1919.47 
A similar trend in comparing the spectra at two pH values is observed with the 
mutant with no pseudouridine modifications (U1917C unmodified) (Figure 11). 
This result is interesting, since the conformational changes with altered pH from 
7.0 to 5.5 were not apparent in other unmodified systems, suggesting a unique 
role for mutant Ψ1917C. The similar changes in CD spectra with pH for Ψ1917C 
modified and Ψ1917C unmodified are suggestive of the mutation at residue 
1917 having unique conformational adaptabilities. However, the role of 
pseudouridine residues Ψ1911 and Ψ1915 cannot be ruled out completely, as 
variations were observed between Ψ1917C modified and Ψ1917C unmodified 
spectra.  
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Figure 11: CD spectra of H69 mutants Ψ1917C (top) and U1917C UU 
(bottom). In both cases, the CD spectra showed similar variation at pH 7.0 
and 5.5. 
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As with the 1917 mutants, A1918G and A1919G displayed different pH-
dependent CD spectra than wild-type H69. At pH 5.5, the CD spectrum for 
A1919G (Figure 12) has a peak maximum shifted toward a higher wavelength by 
3 nm. No isosbestic point was observed for this mutant construct. A1919G 
unmodified has similar differences in CD spectra with an isosbestic point at 259 
nm. A1919 is located at the junction of the loop and stem region of H69 and 
forms a loop-closing base pair with A1911.47 As with Ψ1917C, the importance of 
A1919 is signified by the fact that mutation of this residue leads to different 
conformations of H69, such that pH-dependent conformational changes are 
observed for both unmodified and modified variants.  
 
Table 2. Summary of CD spectra 
 
RNA pH 
Peak 
Maxima 
Global 
Peak 
Maxima 
Local 
Peak 
Minima 
Global 
Peak 
Minima 
Local 
Sho-
ulder Cross-over 
Iso-
sbestic 
Point 
UUU32 7.0 5.5 
266 
267 
224 
224 
238 
238 
- 
- 
- 
- 
250 
250 250 
ΨΨΨ 7.0 5.5 
262 
264 
- 
- 
220 
220 
230, 296 
230, 297 
254 
249 
241, 291 
239, 295 
265 
251 
A1912G 
UUU 
7.0 
5.5 
265 
266 
225 
226 
220 
220 
235, 297 
234, 298 
280 
281 
248, 291 
249, 293 
263 
238 
A1912G 7.0 5.5 
262 
266 
227 
226 
220 
220 
231, 297 
228 
287 
287 
241, 293 
239, 304 
261 
249 
U1917C 
UU 
7.0 
5.5 
265 
266 
225 
- 
235 
220 298, 294 
- 
- 
247, 292 
247, 284 
259 
247 
231 
U1917C 7.0 5.5 
267 
266 
223 
225 
234 
220 
297 
232, 294 
281 
- 
246, 293 
245, 286 
270 
228 
A1918G 
UUU 
7.0 
5.5 
260 
260 
224 
225 
233 
220 
296 
232, 297 
283 
283 
243, 288 
243, 289 258 
A1918G 7.0 5.5 
256 
256 
- 
- 
220 
220 
295 
299 
286 
286 
240, 286 
237, 292 - 
A1919G 
UUU 
7.0 
5.5 
260 
263 
223 
223 
220 
220 
231, 294 
231,295 
283 
283 
241, 284 
241,291 259 
A1919G 7.0 5.5 
253 
256 
- 
- 
220 
220 
279 
279 
- 
- 
237, 271 
237,275 222 
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Figure 12: CD spectra of H69 mutants A1919G (top) and A1919G UUU 
(bottom). 
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The A1918G unmodified (Figure 13), on the other hand, didn't show 
increased ∆ε at higher wavelength from the peak maximum but the increase in 
∆ε was at a wavelength below the peak maximum. This behavior of A1918G is 
different from H69 ΨΨΨ and the other mutants that we examined. A1918G UUU 
has mostly overlapping spectra at both pH values. This result was surprising, 
since the A1918G behaves normally on the ribosome level. This result suggests 
that pseudouridines and sequence together modulate the folding of H69, which 
can sometimes result in deterred ribosomal function, but not in the case of 
A1918G. These results suggest that other factors might play a role in function, 
such as hairpin stability, or that the CD method is not sensitive enough to report 
on detailed structural changes of H69. 
	  	  
32	  
 
 
 
 
Figure 13: CD spectra of H69 mutants A1918G (top) and A1918G UUU 
(bottom). The spectra are very similar at both pH in both cases however, 
molar circular dichroism for A1918G at pH 5.5 is slightly higher at all 
wavelengths. 
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The A1912G, A1919G and Ψ1917C H69 mutants have strong growth 
inhibition in E. coli culture and also inhibit in vitro translation, with Ψ1917C 
showing the strongest growth inhibition.35 From the CD spectra of H69 and its 
mutants, pseudouridine influenced the conformations of these RNAs at different 
pHs. In the mutants Ψ1917C and A1919G, the altered nucleotide itself played a 
key role in regulating H69 conformations, as depicted by the different behaviors 
observed by CD and pH-induced structural changes even in absence of 
pseudouridines. As can be seen from all of the difference spectra in Figure 15, 
Ψ1917C has the strongest difference in CD spectra upon lowering the pH from 
7.0 to 5.5, suggesting a major role for Ψ1917 in H69, which is also a universally 
conserved modification.58 The sequence context also has an influence on the 
pH-induced conformational changes of H69, since the difference spectra show 
unique changes for each mutant that was examined. Although the exact 
conformations of the mutants are unknown at this time, these results suggest a 
specific influence by each one, which could alter pseudouridylation, RNA-RNA 
interactions at the subunit interface, or have other biological effects.  
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Figure 14. Difference spectra for A) modified H69 constructs B) unmodified 
H69 constructs, at pH 7.0 and 5.5 are shown. All experiments were 
performed in a buffer solution containing 20 mM cacodylic acid, 30 mM KCl, 
70 mM NH4Cl, 0.5 mM EDTA. Each spectrum is an average of 5 spectra 
collected and each set of CD data were collected two or three times. 
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3.2.  NMR spectra of H69 ΨΨΨ and mutants 
 
Structural changes in a biological molecule that lead to its function can be 
determined by examining the detailed molecular interactions. One-dimensional 
imino proton NMR is helpful to identify hydrogen bonds and stacking interactions 
between nucleotides in an RNA structure.48 The 1D 1H NMR spectrum for H69 
has already been well characterized.49 In this study, 1D 1H NMR spectra were 
collected for H69 and two mutants, A1912G and A1919G, with and without 
pseudouridine modifications at pH 7.0 and 5.5 to look for changes in H-bonding 
patterns so that the detailed effects of the mutation and interplay with 
pseudouridine modifications could be examined. For comparison, spectra were 
also collected for H69 ΨΨΨ and H69 UUU at both pH values. The NMR spectra 
presented here (Figure 15) were collected at 15 ºC and the peaks were assigned 
based on earlier publications32, 49, 55 and NOE difference spectra. All of the peaks 
for H69 UUU that are involved in a G-C base pair and G•U wobble pair, namely 
G1907, U1923, G1921, G1910 and G1922, were observed at both pH values. In 
the case of H69 ΨΨΨ, a peak for Ψ1911N1H was also observed (10.2 ppm) at 
both pH values and a peak at 10.6 ppm corresponding to Ψ1915N1H was 
observed at pH 5.5. Changes in the peak intensities of G1910 and G1921 and 
chemical shift values for G1910 and Ψ1911 were also observed, as previously 
reported,32, 47 which were attributed to the conformational changes of H69 at 
different pH values.	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Figure 15. 1D 1H NNR of imino proton region of the H69 and mutant hairpin 
RNAs. 
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The NMR spectra for A1912G unmodified at both pH values were just like 
that of H69 UUU with five peaks representing the stem-region base pairs. As 
with H69 ΨΨΨ, a peak at 10.2 ppm was observed for Ψ1911N1H at both pH 
values that was less intense than that of H69 ΨΨΨ. This difference in intensity 
of the peak might be caused by a different local structure of H69 due to 
replacement of A by G in this mutant. At pH 5.5, an extra peak for Ψ1915N1H 
was also observed at 10.7 ppm. The Ψ1911N1H and Ψ1915N1H peaks 
observed at pH 5.5 are relatively more intense than in H69 ΨΨΨ. This result 
indicates that this mutation enhances hydrogen-bonding interactions or base 
stacking between loop residues in the presence of pseudouridine, and perhaps 
the increase in peak intensity is due to increased stacking and therefore 
decreased solvent exposure of the H69 loop residues. These results are in 
agreement with the differences observed in CD spectra of H69 ΨΨΨ and 
A1912G, and this structural change may be one reason for the growth defect in 
vivo. The remaining peaks observed for H69 ΨΨΨ and A1912G are similar, 
including the up-field peak of G1910N1H. These results indicate that 
pseudouridine exerts similar effect of pH-dependent conformational changes, 
and the stem regions are relatively unchanged. 
In the A1919G mutants, two new peaks were observed (11.1 and 11.7 
ppm for A1919G unmodified at both pH values; 11.4 and 11.5 ppm for A1919G 
modified at pH 7.0; and 11.3 and 11.6 ppm for A1919G modified at pH 5.5). 
These peaks did not appear in H69 ΨΨΨ or A1912G spectra, and have been 
assigned as G1919 and U/Ψ1911 in a G•U/Ψ wobble base pair. A previous 
study suggested that a base pair forms between A1919 and Ψ1911 in H69 ΨΨΨ 
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but not when the pseudouridine modification is absent.47 In contrast, the A1919G 
mutant has a stable loop-closing base pair regardless of the presence of 
pseudouridine. The peak for G1910 is shifted downfield by 0.2 ppm in both Ψ-
modified and unmodified versions of this mutant. Additionally, the Ψ1911N1H 
peak for A1919G modified shifted 0.4 ppm downfield relative to H69 ΨΨΨ. 
These changes are caused by the altered base at position 1919, which might 
result into a local structural rearrangement in the stem-loop transition region. 
The chemical shift changes observed in H69 ΨΨΨ for G1910 and Ψ1911 peaks 
were absent in this mutant. The stabilizing effect of Ψ1911 may be enhanced as 
a result of the altered base pair in the transition region making A1919G modified 
more stable compared to unmodified one. With native conformations of H69 
likely being unavailable, mutant A1919G may inhibit bacterial growth and in vitro 
protein synthesis.  
Both mutants A1912G and A1919G show five imino proton peaks that are 
similar to those of H69 ΨΨΨ (indicated by dotted lines in Figure 16), suggesting 
that the stem regions of these mutants have similar structures. Without 
pseudouridylation, the 1D 1H-imino proton NMR spectra were the same at both 
pH conditions, whereas different resonance patterns were observed in H69 
ΨΨΨ as well as both of the mutants at the two pH values. These results suggest 
that mutations at 1912 and 1919 are capable of re-organizing the loop residues, 
which may contribute to their lethality in mutation screenings. Thus, it will be of 
interest to further investigate these changes to understand how structural 
dynamics of the loop residues are influenced by such mutations in combination 
with pseudouridine. The pH-dependent changes in H69 conformations can be 
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attributed to the presence of pseudouridines, while at the same time, mutations 
cause additional structural differences, making the function of H69 dependent on 
pseudouridylation as well as the sequence.  
3.3. Thermodynamic parameters for helix 69 mutant constructs 
Thermal melting experiments were implemented to obtain the 
thermodynamic parameters (e.g., ΔG˚37, ΔH˚, ΔS˚) and determine the stability of 
H69 and its mutants with and without pseudouridine modifications at pH 7.0 and 
5.5. Involvement of pseudouridine in stabilization of RNA has been implicated in 
previous work.31, 59 It was later shown that pseudouridine can stabilize as well as 
destabilize RNA, depending on its position.49 Pseudouridine at position 1911 (E. 
coli numbering) stabilized the stem-loop structure of H69, whereas it exhibited a 
destabilizing effect at positions 1915 and 1917.49 In an earlier study on modified 
H69 (Ψm3ΨΨ), an increase in stability of -0.5 kcal/mol was observed when the 
pH of the solution was lowered to 5.5 from 7.0. This stabilization was not, 
however, present in unmodified version of H69 (UUU). A change in the CD 
spectrum as well as the 1D imino proton NMR spectrum accompanied this 
stabilization.32 These changes in the model RNA constructs were correlated with 
the conformational changes of H69 during ribosome assembly or at different 
stages of protein synthesis by ribosomes. Although the change in stability is 
likely related to the structural rearrangements, a conformational change may not 
necessarily be correlated with altered stability because of enthalpy-entropy 
compensations.60  
 The thermodynamic data obtained by UV melting in this study (Table 3) 
indicate that the overall stability of H69 and the mutants is not affected 
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significantly by variation in pH between 5.5 and 7.0. For the H69 ΨΨΨ, a 
negligible decrease of 0.2 kcal/mol in ∆G°37 was observed when the pH was 
changed from 7.0 to 5.5, which is very close to the experimental error of the 
measurement. The CD spectra of H69 ΨΨΨ were very similar to those of H69 
Ψm3ΨΨ, with only minor differences that could be a result of the presence of the 
methyl group in the later. The methyl group on Ψ1915 could be responsible for a 
higher stability difference between pH 5.5 and 7.0 for H69 Ψm3ΨΨ (-0.5 
kcal/mol), but pseudouridines modulated the conformation of H69 ΨΨΨ without 
much difference in global stability.  
 At pH 7.0, the stability differences between the pseudouridine modified 
and unmodified versions of H69 and mutants were quite low (Table 4). 
Interestingly, the difference became more prominent when the pH was lowered 
from 7.0 to 5.5. For H69 ΨΨΨ, A1912G, Ψ1917C and A1918G, a ∆∆𝐺  !"∘  value of 
-0.5 kcal/mol was observed, and -0.9 kcal/mol for A1919G. This result is similar 
to a previous study of the wild-type H69 Ψm3ΨΨ.32 These results support the 
idea that pseudouridines do play a role in conformational adaption of H69 and its 
mutants, even though the global stability of H69 may not change. At different 
solution pHs, H69 might attain different conformations representing different 
states of ribosomes during translation, and pseudouridine is believed to play an 
important role in this conformational adaptability. The sequence context of H69 
also seems important for stability as well as the conformational variations. The ∆∆𝐺!"∘   values for A1919G were higher at both pH values compared to other 
variants of H69 at both pHs. The A1919 residue forms a base pair with Ψ1911, 
thus serving as the closing transition between the loop and stem region.47 
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Mutating A1919 to G could result in a different conformational state of H69 
because of the altered base pair (Ψ-A to Ψ•G or U-A to U•G) in this key 
transition region. This alteration could also affect the 5' side of the loop, which 
forms a base-stacking motif from 1915 to 1917.47 Although ΔG˚37 values, ΔG˚37 
differences at the two pH values, and ΔG˚37 differences between modified and 
unmodified versions for the functional mutant A1918G didn't appear to be 
different from other H69 variants, differences in the melting temperatures (Tm) 
between its modified and unmodified forms were smaller (0.7 at pH 7.0 and 1.4 
at pH 5.5) (Table 4). This mutation might have altered the conformation of H69 in 
such a way that the overall rigidity doesn't change much, with Ψ-modification 
leading to similar melting temperature. The conformation and stability of A1918G 
appears to be less affected by the presence of pseudouridine, which may 
partially explain why it is a functional mutant. As with the CD and NMR data, the 
stability measurements indicate the importance of close interplay between 
pseudouridine and the loop sequence in regulating the RNA function. 
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Table 3. Standard Gibbs free energy at 37 ºC (ΔG˚37) and melting temperature 
(Tm) 
 
 
 
 Table 4. Differences in free energy and melting temperatures for the H69 
constructs with and without pseudouridine modification 
 
 
RNA 
ΔG˚37 (kcal/mol) ΔΔG˚37 (kcal/mol) 
(pH 5.5 – pH 7.0) 
Tm (˚C) 
pH 7.0 pH 5.5 pH 7.0 pH 5.5 
ΨΨΨ -4.7 ± 0.1 -4.9 ± 0.1 0.2 64.7 64.6 
UUU -4.6 ± 0.1 -4.4 ± 0.1 0.2 62.5 61.9 
A1912G -4.9 ± 0.1 -5.2 ± 0.1 0.3 65.8 66.8 
A1912G UUU -4.7 ± 0.1 -4.7± 0.1 0 64.3 64.2 
Ψ1917C -4.7 ± 0.1 -4.9 ± 0.1 0.2 64.3 64.5 
U1917C UU -4.4 ± 0.1 -4.4 ± 0.1 0 61.9 62.3 
A1918G -4.7 ± 0.1 -4.7 ± 0.1 0 64.7 64.8 
A1918G UUU -4.5 ± 0.1 -4.2 ± 0.1 0.3 64.0 63.4 
A1919G -4.7 ± 0.1 -4.9 ± 0.1 0.2 64.9 65.3 
A1919G UUU -4.3 ± 0.1 -4.0 ± 0.1 0.3 62.2 61.4 
RNA 
ΔΔG˚37 (kcal/mol) 
(modified – unmodified) ΔTm (modified – unmodified) 
pH 7.0 pH 5.5 pH 7.0 pH 5.5 
WT -0.1 ± 0.1 -0.5 ± 0.1 2.2 2.7 
A1912G -0.2 ± 0.1 -0.5 ± 0.1 1.5 2.6 
U1917C -0.3 ± 0.1 -0.5 ± 0.1 2.4 2.2 
A1918G -0.2 ± 0.1 -0.5 ± 0.1 0.7 1.4 
A1919G -0.4 ± 0.1 -0.9 ± 0.1 2.7 3.9 
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3.4. Binding of ligands to the mutant H69 constructs 
The affinity of a heptapeptide, NQVANHQ-NH2, with H69 ΨΨΨ, Ψ1917C 
modified and A1918G modified at pH 7.0 was determined using ESI mass 
spectrometry. Using phage display, this peptide sequence was selected as a 
binder of the H69 hairpin loop with moderate (low µM) affinity.61 The 
determination of affinity of such binders with H69 mutants is important because a 
drug that binds effectively with wild-type RNA as well as mutants will have less 
chance of developing antibacterial resistance.  
A representative set of mass spectra is shown in Figure 17 and plots of 
fraction bound vs. drug concentration are shown in Figure 18 for H69 ΨΨΨ and 
A1918G modified at pH 7.0. As shown in Table 4, the dissociation constants (Kd 
values) for the binding of NQVANHQ-NH2 with Ψ1917C and A1918G are 15 and 
31 µM, respectively. While the Kd value for Ψ1917C is almost the same as H69 
ΨΨΨ (14 µM), A1918G has a two-fold higher affinity as that of H69 ΨΨΨ.  
Similarly, affinity of the aminoglycoside neomycin with A1912G and A1919G 
was determined with the same technique. The Kd values for A1912G and 
A1919G were determined to be 5 and 11 µM, respectively. It was previously 
reported that the Kd value for H69 ΨΨΨ for binding of neomycin using the same 
method was 1.2 µM.62 Crystal structures have suggested that the 
aminoglycosides bind to helix 69 in the stem region,63 and any conformational 
changes caused by mutation in the loop region might not affect binding of the 
drugs in the stem region.  
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Figure 16. A representative mass spectrum of the peptide NQVANHQ-NH2 
with A1918G modified. Three micromolar (µM) solutions of RNA were 
incubated with different concentrations of the peptide for 30 minutes in a 150 
mM ammonium acetate buffer and injected in a volume of 50 µL in 50% 
isopropyl alcohol. 
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Figure 17. Binding of the peptide NQVANHQ-NH2 with H69 ΨΨΨ (top) and 
the mutant A1918G (bottom). The fraction bound was determined by mass 
spectrometry and curve fitting to a quadratic equation. 
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Table 5. Dissociation constants (Kd) for binding of neomycin and peptide 
NQVANHQ with H69 variants. ND indicates that Kd was not determined. 
 
 
 
From the results obtained from the binding studies, H69 mutants A1912G 
modified, Ψ1917C modified, A1918G modified, and A1919G modified showed 
similar binding affinity toward either the neomycin or peptide NQVANHQ. This is 
an interesting result because drugs that bind to H69 as well as its mutants may 
not develop resistance readily, at least by the mechanism of target mutation. 
3.5. Conclusion and future directions 
Helix 69 RNA and its mutants, with and without pseudouridine 
modifications, were studied to test the effects of mutation and pseudouridine 
modifications on the pH-dependent conformational changes. The results 
obtained were helpful to understand how Ψ modification along with sequence 
context is important for the conformational adaptability of H69. Moreover, 
understanding the correlation of bacterial growth inhibition by H69 mutations with 
structure and stability is important. Mutant A1912G was very similar to H69 
ΨΨΨ in the CD and NMR spectra with only subtle differences. This is a lethal 
mutant, suggesting that only minor deviations from the regular conformation are 
RNA Kd with neomycin (µM) Kd with NQVANHQ (µM) 
H69 ΨΨΨ 1.262 14 ± 2  
A1912G 5 ± 2  ND 
Ψ1917C ND 15 ± 2  
A1918G ND 31 ± 3  
A1919G 11 ± 2  ND 
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sufficient to make the RNA nonfunctional. Alternatively, A1912 makes a specific 
contact within the ribosome that is essential for activity, and therefore, the 
nucleotide change is not tolerated. The Ψ1917C mutant showed considerably 
larger changes in the CD spectra upon pH change, and the nucleotide change 
caused H69 to behave completely differently, making it sensitive to 
conformational changes even in the absence of Ψ modifications. Similarly the 
importance of A1919 in H69 was reflected in the CD result as well as the NMR 
studies with mutant A1919G, in which large changes were observed, owing to its 
unique position. Increased stability at the lower pH value for all H69 variants 
suggested that H69 could attain different conformational states and dynamics, 
some of which could be beneficial whereas others are lethal to a cell. A1918G, a 
functional mutant, was also influenced by the presence of pseudouridines in 
H69; however, the nucleotide change probably gives rise to a functional 
conformational state of H69 in the ribosome, making it a harmless mutation.  
To completely assess the value of each nucleotide in H69, these 
experiments would need to be carried out for more mutants including A1913, 
A1915 and A1916, which have been shown to affect function of H69. Mutation of 
A1916 has been shown to have effect on read-through and DMS probing.64 The 
effects of magnesium and temperature in the loop residues should also be 
examined. The influence of pH on the conformational changes of human helix 69 
could also be investigated and compared with these results with the bacterial 
RNA. It will be important to see how A1918G compares with human H69, since 
H. sapiens RNA naturally has a G in the position corresponding to 1918. 
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Binding of ligands to more of these mutant constructs could also be carried 
out in the future. The effects of mutation on the stem region of the helix 69 in 
ligand binding should also be studied since some drugs have been seen to bind 
there. In summary, future efforts with mutant H69 RNAs will help to further 
elucidate the roles of sequence and modification such as pseudouridylation 
and/or methylation in regulating ribosome function, with the ultimate goal of 
developing drugs that target this region and overcome antibiotic resistance. 
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The importance of helix 69 (H69) of the large ribosomal subunit is 
emphasized by its location in the ribosome and key contacts with protein factors 
and tRNAs during different steps of protein synthesis. The presence of three 
highly conserved pseudouridine modifications in H69 has a significant impact on 
modulation of the ribosome conformations. Specific nucleotides of H69 may be 
necessary for the function of this helix-loop RNA, as some mutations are 
deleterious to bacterial growth. In this study, we investigated the effects of single 
nucleotide mutations in a 19-nucleotide H69 construct with and without 
pseudouridines on the RNA stability and conformation. A variety of experimental 
methods were employed, such as thermal melting, circular dichroism 
spectroscopy and 1D proton NMR spectroscopy. While all of the mutants have 
unique pH-dependent conformational changes, those changes didn't have an 
effect on the global stability of H69. Pseudouridines are involved in the 
modulation of conformations of each of the mutants. Nuclear magnetic 
resonance (NMR) spectra of mutants A1912G and A1919G also revealed 
altered conformations of H69 at different pH values as well as the importance of 
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pseudouridine in regulating these changes. Lastly, the impact of these 
modifications on the ligand binding was examined. 
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